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DRAG AND EVAPORATION OF DRY ICE MODELS IN 
3uyj&nSGHTC AIR FLOW 

By; 

K. R. Gruenewald 

ABSTRACT:  Invest*gat*oas oa crag and evaporation 
of dry ice models were conducted in the NQL 4'" x 
4.0  cm ftgrofaiiisiics Tunnel No. 2.     The drag coef- 
ficient was determined for dry ice spheres at Mach 
numbers 2.9 and 4.3, and ths rate of evaporation of 
dry ice was investigated on cubes and spheres at 
Mach numbers It.9, 2.9  and 4.3. The drag coefficient 
?as found to be essentially the same as that of usual 
acr evaporative wind-tunnel models of the same geometric 
shape.  Most of the evaporation during a bio* occurred 
a!; the front nor tic a of the >*edel, In  this wi; 

• 

t-rj 2.*;;^ *<*.» ^•.w^.fey uy  evaporation becomos smaller 
a* the *ach number is increased due to the lower 
dei*£i^> '..••* ^; » ail ia the test section at higher Mach 
nvsuher".. Fw ,heraore, the mass loss per unit cross- 
•s^ctional area of the model decreases with increasing 
model size. 

U. S. NAVAL ORDNANCE LABORATORY 
WHITE OAK, MARYLAND 

UNCLASSIFIED 

**»mw&iiL*>»'«**.- 
I 



If 
Mi 

1 

*• 

I 

-•»»>- 

i 

UNCLASSIFIED 

NAVOftD Report 2954 21 September 1953 

1        This report presents results of experiments on evapo- 
rating models  The investigation was suggested by 
Prof. F. L. Whipple, Harvard University, Cambridge, 

K        Massachusetts, in connection with Ms studies on 
meteors. The results of this investigation have been 

v evaluated with respect to their application to astro- 
f       physical phenomena by R. N. Thomas aad F. L. tfhippie 

and are partially published in references (a) and (b), 
Since experimental results? on evaDoratin©' me\e*+i*>  w»y 
»!*»<, be or interest to problems of ajissile cooling, 

*        the investigation on dry ice models is presented in 
I        all details in this report. 

This investigation was made under NOL task number 
Be9a-lC8. The measurements were carried out at the 
Naval Ordnance Laboratory in the 40 x 40 cm Aer©~ 

|        ballistics Tunnel No, 2  in 19S0. 

Thi autl&v? tissues* ig express nis gratitude to 
Mr. J. M. Kendall and Jr. J. L, Sttie who worked out 
the technique of manufacturing the dry ice models and 
who prepared all the models used during this investi- 
gation.  The author acknowledges th*» help of 
«r, M. Peucker in preparing the drag balance. 

EDWARD L. fOODYAED j 
Captain,   u$N 
Cotaisander 

P..  H«   KURZWEG.   Chief 
Aeroballistic Rese&rcn iiepartmeat 
By direction 
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DRAG AHD EVAPORATION OP EStY IGH MODELS IN 
SUPERSONIC A IB FLO» 

i,   XXTROOBCTIOS? 

1.  A theory for determining »ir densities at kigfe 
altitude?* frss Meteoric date has beea developed by 
F. L, sV.ippl© (reference c). ¥ne application of 
this theory requires the knowledge of the maasrical 
values of two quantities, najseiy aerodynaatc drag 
and aass loss cf esteors which have to fos esti****-*. 
la order to s«ibst*n+i-+~ t-c ^Meaiitative aspect of 
Ihim  sasory. Professor Sbippie (reference d) e»^g- 
g«sted the experimental investigation of evaporation 
rate and drag of vaporising nodeis in a supersonic 
wind tunsel. An accuracy of thfe test results within 
SO per eeat of the actual values was considered 
sufficient to satisfy ths theory. 

%.,      The tespes'atUA'-e of the atftespfcare &%  50 km 
altitude syseuais to %h&&*  *?0**Z. T.,» » ssTacr 
traTSliiig at a sp' 3d of 50 sat/sec at this altitude 
(reference e), the stagnation temperature of the air 
is approximately iO**©! (reference f), The temperature 
of ths? Meteor was assumed to i>* 2000°'2j and the meteor 
was considered to vapori&&  ires the solid state 
(subliss&tion) (reference d). In order to sisrulate 
these conditions at low temperaturest  drj  ice Csclid 
CCig) <&&s chosen as th« aodei sateri&I tor  the wisd- 
tuaael i»ajiwr*ae»ts, J>ry ice has a sublis&tioa point 
of 194.7°*: at 1 at* (reference g), whick Is inter- 
mediate between the wind-tunnel stagnation temperature 
of &b»^i 3©Oc3£ &ad the static temperature of the air 
flow Cirr°K f«r Mnch number 1.86 to about 5C°S fcr 
lach nunber 580), 

II.  TEST ASUSLkmmZZ? 

3.  The investigation was performed io ts« JfOL 40 x 
40 ca £.troballistlcs Tunnel Ho. 2 (reference h). For 
this tunnel the air is taken fro* the  atmosphere, 
passed through & dryer which dries to a fe>rroiat of 
approxasately «30°C, expanded in a Laval aozKl*-, and 
discharged through a supersonic dlffuser into a 
vacua* vessel of 2000 »3 volume. The tunnel is of the 

1 
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«,*-*VA UJ, V bVU 1- E   vise*      wi "f* •*      A<*     •^     «fi     fiort,»*»»>-•-      —  • 

and has a nozzle exit crw» section of 4C 
The Mar*h mimHefa »«H models investigated J 
in Table  I. 

TABI.E  I 

* . 

IflYiiSTIGATED DBY   ICfi MODELS 

Mach 
Number 

Sphere Diameter 
in &» 

! 
30* I 
30s 

50 
50 
50 

Cube Side Length  j 
in mm 

70*   30s 
! 39*  50 x 

50*    70* 

x) Evaporation rate measurements only 

4,  High Mach iv.imbers with low sir densities; would 
best sisulaia the condition* »"?^«xr»*tc?s« b? i*i'li.-.* « 
in the apwer atmosphere. However» at Kaca n^abe-r 
4.25, the highest Mach number used, the dta^sties of 
a tunnel blow was already too short to produce a 
mass loss sufficiently great to cause a visible 
change in the model shape. Drag measurements have 
bees obtained in two cases only, siscs in the cwu^e® 
of the iavestlg&tion the balance for the drag m&a- 
aressents become inoperative* The $&>&s  loss was 
determined in all cases, 

5.  The dry ice model was mounted on a preceded 
holder ef small heat conductivity (bakelite) in 
order to r*;«iuee evaporation of dry lee by beat con- 
duction through th» holder. The holder e-«v»x*9d *.£& 
front portioa of an axial force balance having S kg 
lead capacity (Figure I). The spring deflection 
during the blow caused by the air forces effects the 
resistance of the strain gages attached to the 
springs._     Th« current d«e to th»? *ha.uam  of the 
resistance was measured by * G£ potentiometer recorder. 
The balance was calibrated with model-holder and a 
ring of dry ico around the holder screw provided to 
hold tho sodele  In this manner errors caused by the 
low temperature of the dry ice model were eliminated 
as far as pe*sibl3. 
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6.  The mass loss due to the vaporization during 
th*i b"s*$ was determined by weighing the models 
before and after the blow. This loss was corrected 
by t*e X&BB  loss experienced during an equal handling 
period without blast. 

Ill,  TEST PBQCEDURE 

A.  Manufacturing of the models 

7.  The dry ice was sawed into cubes and in each 
z-~z z.  liolw wii." Mirwaos was cut usi^g a tap pre- 
ceded in a mixture of dry ice and alcohol. Then 
the cube was screwed on a precoolea sting of bake- 
lite mounted on a lathe and was cut to a sphere with 
a knife. 

B-  Test 

8.  The model was ^ighee- quickly lying en filter 
npr^*  4„ crj«- *«. reduce «**»»« .i~s>s2- c*u*» "?o heat con- 
duction to the scales. At the moment the weight was 
determined a stop clock was turned on. After the 
diameter of the model had been measured witn a 
caliper, the model was screwed on the precooled b»ke- 
lite sting covering the front portion of the balance, 
(This sting was precooled ay  an attached dry ice 
piece.) Then the balance was adjusted and the blow 
started. Another step clock measured the blow tine. 
The drt.g was recorded during the blow with the GE 
recorder.  After the blow the model was taken out of 
the tunnel and weighed again.  The stop clock was 
turned off wh£Q this second weighing was finished. 
Finally the diameter of the model was measured again. 
The time between the end of the blow and the ead of 
the second weighing was dster£iii;~d with a watch. 
Supply air pressure and temperature were measured for 
the determination of the drag coefficient. 

C.  Mass lo«s without blow 

9.  The procedure for determining the mass loss 
without blow was the ease as just described but 
without blow and drag measurements. This mass loss 
was determined for cubes and spheres with different 
side lengths or diametera and also for different 
evaporation times. 

UNCLAS5 IFIE0 



UNCLASSIFIED 
N'-VORD Report 2954 

10. The drag coefficient ox the model was deter- 
mined at the start and the end of the blow only 
and the evaporated macs was determined for the 
time MU£atlim cf one Mow. The following steps 
were taken for this procedure? 

A *  Diameter at start and end of the test 

11. The model diwneter at the start and the osd 
of the test (first and last weighing of the- stodel) 
was measured by a caliper. These measurements 
are inaceurRtf *« c« *«~ «%« *«^ zzltpifi'  utei^ uarv 
ice during the time it touches the model and there- 
fore indicates a diameter smaller than the actual 
diameter. The inaccuracy is larger for spheres 
than for cubes because the caliper touches the 
sphere in two points, which melt quickly, but 
touches the cube along two sides which melt more 
slowly. This was confirmed by comparison of the 
measured disuaeters of the spheres with the diameters 
calculated from the weight e>f  *NP !*<v*«*Ir ~t ttz  test 
starv ua-aer the assumption that the models were true 
spheres and cubes, and taking into account the treight 
of the sting hole in the models  (The specific weight 
of the dry ice used was determined to be X. 52 g/cm3.) 
The calculated side lengths of the cubes agreed with 
tb«a measured ones within less than 1 per sent; the 
calculated values of the sphere diameters were a^out 
1 per cent to 2 per  cent larger than the measured 
values. Considering the inaccuracy cf the measurements, 
the calculated values of the diameters were taken at 
the test start.  Since the shape of the ssodels changed 
unsynmetricaliy during the blow, only the measured values 
of the diameter at the end of the test coalu be used for 
the data evaluation.  Ho«e*»er, 0.3 sac corresponding to 
about 1 per cent cf the dia»eter cf th© smallest sphere 
have hoen  added as a correction to tne measured values 
of the sphere diameter according to the above mentioned 
experience. 

B.  Diameter at start and end of the blow 

12. These diameters were obtained from the diameters 
at start and end of the test, deducting and adding the 
experimentally determined diameter decrease for the 
time while not blowing respectively. 

4 
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13. This ti*e consists of two parts; the time 
between the first weighing of the model and the 
blow start and the time between blow end and second 
weighing. These time intervals were determined from 
the blow time, the time between first and second 
weighing and the time between blow end and second 
weighing all of which were known. 

14. Furthermore. the sass loss of spheres and 
cubes for times without blow w«uf known. The diameter 
decrease of the models without blow was determined 
and is shown in Figure 2.  It was obtained from the 
measured and calculated diameters of the model at 
tit® eiisu'* &Z*£   buo «;in oi tne ieii, wi«nf>ut DiOW, 
Figure 2 shows that the scatter of the calculated 
values is less than that of the measured values, as 
explained above. The diameter decrease as a function 
of tbe diameter at test start for a constant time 
interval is shown in Figure 2a. One curve for all 
models was used since the diameter decrease was found 
to be independent of the model size within the measuring 
accuracy. The average scatter of the calculated values 

C.  Drag coefficient 

15. Since the diameters of the model at the start 
and the end of the blow are determined, the correspond- 
ing cross"soction areas A ave known. The density ? 
and the velocity v of tua  undisiiarbed flow spsrvf deter- 
mined from the pressure anu temperature of the supply 
air and th-3 Mach number. The drag coefficient Cj) was 
calculated using the equation: 

CD 
F 

J «V A 
where F is tbe drag force 

D.  Mass loss while not blowing 

18. The mass loss per unit time and unit surface area 
without blov was found to be the same fay cubes and 
spheres; namely. 0.000283 g/sec. cm- t 6 per cent. 
However, the mans loss without blow referred to the 
cross-sectional area is different for cube** and spheres 
(see Table 3). To facilitate data reduction, the mass 
loss was referred to the cross-sectional area of the 
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sodels since the area perpendicular to the air 
stream did not change aucr. as compared with that 
of the saodel surface. during the blow (Figure 3 and 
Table II). Furthermore* it was difficult to deter- 
mic* the model surface area after the blow. 

17. The mass loss for the tisse between test start 
&ad blow start was obtained by  multiplying the **ass 
loss without blew (in g/sec. CE2 area) with zbs  tiae 
without blow and with th© average eross-sectional 
area which the model had during this tim**. The same 
was dcae for the time between blow end and test end. 
Both mass losses added together g-ve the total mass 

the mass loss after the blow i» «^n»what iaaceurate 
because the zaodel shape after the blow is not a sphere 
or a cube respectivsly. This procedure was chosen, 
however because the sewage surface ar@& of the model 
after the blow was very difficult to determine and 
because the time between blow end and test end was 
in no case more than 31 per cent of the total time 
without blow» 

i?       Mass loss during clow 

18. This loss i»as obtained by deducting the logp 
while not blowing from th» total less b®t,s®sn the 
two weighings. The m&&&.  1«53^ ^"ss STsfwx-red to o&& 
second blow time and to oa--? -?»•* of "she avwrsg* cross- 
sect ion&l area of  the acdsl perpendicular to the air 
«tr«ma during blow time* 

Y.  ACCTSIAC7 C& -i*HS MSASSSEMISTS 

19. Tfc.e calibration of th*s balance showed that it 
w&£« influenced by sideforces such »£ lift and yaw. The 
measurement obtained from a sideforce TSS about 20 p&r 
cent of the value resulting fross % force at the same 
magnitude acting ssiali: .  In spite of tbls £*s&6cur&cy, 
this balance was saed because no other balance was 
available at that time, furtheraore.. since the model 
shapes at least at the start of the blow were symmetrical 
with resect to the air stream, any sideforce influence 
could hf*  considered negligible. The hold?? influence on 
the drag measurements could not be elimimated completely 
but this influence is considered to be small and may be 
neglected for these models. The approximate accuracies 
for the mass losses during the blow'were calculated with 
the following assumed errors in determining the test items: 

UNCLASSIFIED 
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Weight ±0.1 g 

Time between weighings ± i sec. 

Time without blast betvreen test start 
and blow start ± 5 tec. 

Time without blast between blow end 
and test sad x 5 sec. 

Blow time ±0.2 sec. 

Diameter decrease without blast (as 
2^-j^C- v>M.p&vzsm&x&i2.y)  ± 7 per coat 

Mass loss without blast per second 
and cm2 cross-sectional area (as 
found experimentally) ± 6 per cent 

Diaaseter at test start and end 
±0.3 mm for spheres 

Fige Isr^ti; at U-i»- nv«ri ana sue 
±0.1 mm for cubes 

The error in  the determination of the average 
cross-sectional area of the models during the blow 
^as calculated to be less than 1 per cent for 5. cube 
of 70 mm sia& length and up to 2.5 per ce^t for a 
sphere 30 mm  diameter. The mass loss per second a«d 
cm of this ares was found to be accurate to ± 5 per 
ces.t at Mach number 1.S6 and up to ± 17 per cent at 
Mach number 4.25. The measured values of the s&ss 
loss for all models and all M&eh numbers scatter 
within ±11 per cent around the curves drawn in 
Figure 4,  At Mach number 1.86 there exists a distinct 
diffet^rjce between cubes (scatter t.  5 per cent) and 
spheres (scatter ± 16 per cent).  The high value of 
scattering of the spheres may be attributed to loss 
of pieces broken off from the aphsres during the blow. 
(See values with question marks in Figure 4). 

VI. RESULTS 

20. The vaporisation of dry ice at Mach number 4.25 
was so small that no change ir. model shape could be 
observed. At the lower Mach numbers 2.87 and 1.86 
the evaporation was clearly visible. During evaporation, 
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-he front p^rt G2 tu# awu»iS assumed a conical shape 
with a round tip and nicks in case of the spheres and 
formed sloping areas with nicks in case of the cubes. 
The rear part of each model remained unchanged. The 
sctaevhat aoa-unifora evaporation at the front part say 
fow caused by inhevogsneities of the polyerystallia© 
structure of th© dry Ice, due to tbe mechanical com- 
pacting of the snow flakes in making solid dry Ace; 
The sk&pes of models with 5 em  disaet^r after the 
Liow are showr* i.x» Figure 3 (one cylindrical sod©!, 
5 cas long and 3 cm in disaster, ^as also investigated 
and i.? shown in Figure 3). models 3 cm in diameter 
shoved more erosion of shapes (half spherical shape 
in the case of spheres), models with 7 cm diameter were 
*•*;; ^rtricd ££ tL« evwia shown in Figure 3. 

21. The drag coefficient of dry ice spheres was 
found to be approximately 1 at Mach numbers4.25 and 
2.87, measured 3 to 4 sec. after the blow started. 
The coefficient increased 5 per cent at Mach number 
4.25 and 16 per cent at Mach number 2.87 during the 
blow with a duration of about 3d seconds (Table 3). 
Th© drag coefficient shertly after blow start is is 
fair tktnr*mm»*$  «r* *"** ***-? wig v««X*JU;i«6ffci os spnesres 
measured in supersonic wisd tunnels. The increase 
of the drag coefficient, during the blow can be 
attributed to the variation of the shape of the 
model and seems to be unaffected by the evaporation 
of dry ice surrounding the model, Thus the drag 
coefficient Teams to be the same as found for non~ 
evaporative -/iud-tunsel models of the gas* shape, 
Because th© sfespe changes d?>vring the felow from 
spheres to hemispheres (especially at low Mach 
numbers) . the dv'ag coefficiest can *>^* e^r^tctft^ to 
be between 1 and 1.5. 

22. The mass loss during the evaporation as a 
function of th© average cress^secttonal area of the 
model during: the blow is si >*a ia Figure 4. Tiie values 
for the spheres and those of the cubes have been found 
to be approximately equal at each M&ch number. Some 
previous unpublished data by J. M. Kendall and 
P. P. tegener of WQL takes at a Mach number of 1.7 in 
a continuous 2.5 x 2.5 cm wind tunnel are Included in 
Figiure •... The graph shows that the ?»as£ loss due to 
the evaporation of dry ice increases with decreasing 
Mach uuiiiber and with decr@u£ri.ag area. 

23. The evaporation of dry ice in supersonic air 
flow may be explained as follows: The evaporation 
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of dry i.c~ is due to the transfer of heat from the 
air to the model aiiw tw the transfer of evaporated 
material from the model to the air„  The high rate 
of energy exchange with the oncoming air at the 
frott part of tho model causes a great evaporation 
of dry ice,  The evaporating process is supported 
by the quick replacement of evspor&tiag dry ice 
molecules by air molecules. The number of air 
molecules per unit time is a function of air density 
and velocity.  At the rear of the model the energy 
exchange is smaller. The mass transfer occurs mainly 
by diffusion of dry ice molecules to the air stream. 
Therefore this part of the model shows ft much smaller 
change in shape during the blow than the tmnt ?"~+. 
A+ -!«w»«r *»--^ UUii,U;Xa aore cry ice evaporates due 
to the higher air densities. 

24.  There exist two possible explanations for the 
dependency of the evaporation rate on the model size, 
(a) The average thickness of the CGo air layer on 
the small model is smaller than on the large model, 
thus allowing a larger energy exchange relative to 
the size of the model.  (b) Heat- conducted from the 
sodel hoi Her «-«*..~^~~ ths £*.-.**£ to trie model lias a 
greater influence on the overall evaporation from 
smaller models than from larger ones. 

VII.  CONCLUSIONS 

25. The drag coefficient of dry ice spheres was 
found to be 1 at Mach numbers4.25 and 2.87.  It 
lncT^s.s.~id  during the blow by 5 per cent at Mach number 
1.?K aad by 16 per cent at Mach number 2.8? due to the 
change of the  phere sftape caused by evaporation, 
Within the acc^rccy of tne drag measurements, the dra? 
coefficient of dry ice models can be considered to  be 
equal the drag coefficient of usual non-evaporative 
wind-tunnel models of the same shape.  No influence of 
the evaporated CO2 cloud on this coefficient was found. 

26. The highest evaporation rate of CCv*, occurs on the 
front part of the models, showing a considerable change 
in the model shape in this region, 

27. The specific mass loss due to the evaporation 
decreases with, increasing model sizes and is the same 
for cubes and spheres within the measurement accuracy. 
Furthermore the specific mass loss increases with 
decreasing Mach numbers due to the increasing air 
densities in the test section of the tunnel. 
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